INTRODUCTION
Hydraulic conductivity (K) is a fundamental parameter controlling the behavior of groundwater systems in response to events such as pumping, recharge, and contamination. The ability to efficiently and accurately map K in the subsurface is, therefore, of great importance for successful groundwater management. Conventional hydrological methods for measuring K, such as pump tests, are costly and have various limitations related to the scale and extent of the measurement. Nuclear magnetic resonance (NMR) is a geophysical technology with significant potential to address the problem of mapping K.
Geophysical NMR measurement enables direct detection of groundwater and provides sensitivity to K via the measured NMR water content and relaxation times. Surfacebased NMR measurements have the important advantage of being non-invasive, and can be used to image the NMR response of the subsurface over wide areas (Hertrich, 2008) . Logging NMR measurements yield higher resolution and detail and have been used widely in the petroleum industry to estimate reservoir properties (Kenyon et al, 1988) , but can be acquired at sparsely located wells and borings. In practice, for both forms of measurement, estimation of K is improved by site-specific calibration.
Recent advancements in instrumentation have enabled higher precision surface NMR measurements (Walsh et al. 2011) as well as economically viable NMR logging measurements (Knight et al 2012 in nearsurface environments. Our objective is to leverage the complimentary nature of these technologies to map hydraulic conductivity over wide areas. We investigate a framework wherein collocated NMR logging, surface NMR, and direct K measurements are acquired in a limited number of locations to establish calibrated relationships between these three data types.
Following calibration site-specific rock physics relationships are then used to estimate K directly from surface NMR measurements that are more efficiently acquired over wide areas. A preliminary assessment of this approach is presented in Knight et al (2013) .
In the broader framework, we consider separately the relationship between each paired data type: i.e, (1) the relationship between NMR logging measurements and direct K measurements (2) the relationship between the NMR logging measurement and surface NMR measurement, and (3) the relationship between surface NMR measurements and direct K measurements. Our study includes three study sites in the Central and Western United States, where we acquire surface NMR, logging NMR, and direct K data. The data are acquired using multiple tool and measurement configurations, which are identified to provide variable sensitivity to subsurface conditions. Differences in the geologic setting
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between the sites provide the opportunity to identify the degree of variability for the calibration relationships that may be anticipated extending this approach more generally to other locations. In this work we focus particular attention on the influence of well-development, the use of advanced multipulse NMR sequences in magnetic environments, and the implementation of wide-scale 2D surface NMR acquisition.
BACKGROUND
The fundamental relationship between NMR data and permeability has been widely explored in the context of oil field NMR logging. Briefly, the NMR relaxation time T 2 is typically dominated by surface relaxation between the fluid and grain surface that yields an inverse correlation between T 2 and pore size. Further the NMR signal amplitude provides direct determination of fluid-saturated porosity φ. Following from models such as Kozeny-Carmen, highlighting the importance of porosity and pore-size as factors controlling fluid flow, equations of the following form are commonly used to estimate permeability, or by scaling K:
Here C, and the exponents (shown as 2) are experimentally determined calibration factors.
Moving from the oil-field to groundwater characterization, it is important to distinguish unique aspects of NMR measurements in groundwater environments. First, there is a difference in the types of materials encountered. While oil reservoirs are commonly consolidated formation, near-surface aquifers are frequently unconsolidated sediments. There are also differences in the measurement configuration and physics. Oil-field NMR logging tools are run in open hole during drilling, while near-surface NMR logging tools are also operated in cased PVC wells. Further, the surface NMR measurement operates using different pulse sequence configurations from logging NMR measurements and so provides resolution of different NMR relaxation parameters. Specifically surface NMR measurements provide resolution of the free induction decay T 2 * relaxation time, with more recent advancement towards also measuring the T 2 relaxation time.
METHOD AND RESULTS

Relating Logging NMR to K
We have implemented multiple forms of logging NMR and K measurements to determine site-specific calibration coefficients for models in the form of Eqn 1. In addition to multi-level slug tests to determine K, we have also acquired K measurements using a direct-push DP permeameter (Butler et al, 2007) . We have acquired NMR logging measurements using the small-diameter Javelin system, deployed in PVC wells and also deployed in a DP logging configuration.
In Fig. 1 , we present results from the first study site in Eastern Kansas,USA, where an NMR log was acquired in a developed PVC well. A detailed description of these results and data analysis is contained in Knight et al (2013) . The NMR data are calibrated against nearby direct push permeameter K data to determine the scaling C-value in Eqn. 1. The resulting NMR-based K estimates and their trend with depth are in very good agreement with the DP K data. We note that the C-value resulting from calibration here is a factor of two orders of magnitude greater than standard C-values used for reservoir sandstones, reflecting an important difference in the relationship between NMR and K in unconsolidated sediments, further motivating the need for sitespecific calibration. We have further found that the manner of well installation can have a significant effect on the NMR logging measurement. Shown below in Fig 2 is a NMR log at a second well at the Eastern Kansa site. Short values of T 2 are observed at in the distributions at several depths, particularly in the lower portion of the well at 18-20 m. The same well was logged again following development processes whereby water was pumped continuously from the well to flush the surrounding formation. We observe that following development, the T 2 values increase, as do the resulting NMR K estimates. We attribute this change to removal of fines from the formation, the presence of which enhances surface relaxation. Given the role fines in also influencing K, we emphasize the importance of considering whether calibration in developed or undeveloped wells is preferable given the particular characterization objectives (e.g. determining K for production rates or to delineate small scale flow barriers). 
Relating Logging to Surface NMR
Coincident surface and logging NMR data sets allow us to establish site-specific relationships between these forms of measurement. The surface NMR method differs from the logging NMR method both in the scale of the measurement and the physics of the signal response. The surface NMR measurement uses large loops (e.g. 10 to 200 m diameter) and thus averages over a wide lateral area. Further, the most basic free induction decay surface NMR measurement quantifies T 2 *, a different parameter than T 2 characterized by logging NMR. Knight et al (2012) provide a description of the difference between T 2 and T 2 * observed in a earlier coincident logging and surface NMR data set. Like T 2 , T 2 * is sensitive to surface relaxation but is also influenced by inhomogeneity in the background magnetic field, which contributes an additional dephasing rate term T 2IH . In magnetic environments, T 2IH can be large resulting in shortening of T 2 *, particularly in coarse materials. More recently, it has become possible to measure T 2 using surface NMR with more advanced pulse sequences.
In Fig. 4 we show coincident surface and DP logging NMR data from a second site in Central Kansas, USA, with a shallow surficial aquifer from 3-9 meters. Surface NMR data were acquired using the multi-channel GMR instrument. We observe in the colormaps that surface NMR mean T 2 * values (~90 ms) are significantly shorter than logging NMR mean T 2 values (~300ms), reflecting the presence of magnetic mineralogy in the sediments at this particular site. We note that the trend of the surface and logging distributions are similar, both reflecting short times in a zone from 6-8 m.
We explore two approaches to address the sitespecific difference between T 2 * and T 2 . In one approach, we can relate these two times by estimating the magnitude of the T 2IH term responsible for the observed difference. Using this calibrated value of T 2IH , we then transform the surface NMR T 2 * distributions into pseudo-T 2 , in theory providing approximate NMR logging data at every location where surface NMR data is available. A second approach is to directly utilize the surface NMR estimate of T 2 from a multipulse CPMG sequence. As shown in the magenta curve in Fig. 4 surface NMR estimates of T 2 are on average (~400 -600 ms) more closely approximating the Logging NMR result. We note, however, that surface NMR measurements tend to be biased towards longer values of T 2 as shorter signals from the finer sediment fraction in heterogeneous materials are less readily detectable with multi-pulse sequences. We note that these two approaches may be complementary to more robustly describe the site-specific variation in the relationship between logging and surface NMR data. 
Relating Surface NMR to K
The ultimate goal of this work is to use surface NMR as the primary tool to map K extending the investigation over wider areas, 2D profiles, and 3D volumes. The prior steps building site-specific relationships between K and logging NMR data and between logging NMR and surface NMR, theoretically commute a relationship between surface NMR data and K, which can be leveraged in various approaches.
In one approach, described in (Knight et al, 2013) we transform surface-NMR measurements of T 2 * to pseudologging T 2 and use the transformed data in the calibrated NMR-K equation (e.g. Eqn.1) to estimate K. An advantage of this approach is that it maintains the short relaxation time information that is available from free induction decay T 2 * data. Another approach is to use surface NMR derived estimates of T 2 directly in the NMR-K equation. This approach avoids errors that may be associated with estimation of the T 2IH term, but as mentioned previously, information about short relaxation times (low K) materials is commonly lost in multi-pulse sequences.
The advantage of using surface NMR data as the primary mapping tool is illustrated in Fig. 5 , showing a 2D profile of surface NMR CPMG data collected at a third site in Western Washington, USA with strongly magnetic sediments. The resulting interpolated image shows relative K (i.e. derived using a C-value of 1 in Equation 1). Once logging and surface NMR data are acquired at this site, the resulting image can be calibrated to provide quantitative estimates of K, which would otherwise be economically unfeasible to obtain through direct hydrogeologic measurements. rd International Geophysical Conference and Exhibition, 11-14 August 2013 -Melbourne, Australia 
CONCLUSIONS
NMR is a promising method for efficiently mapping K over wide areas, but requires recognition of the relationship between NMR and K and the variability of this relationship on a site-and measurement-specific basis.
Our approach addresses the need for calibration while integrating the precision of NMR logging and the efficiency of surface NMR. Ongoing validation of this approach at three sites with distinctly different hydrogeology provides a basis for generalizing and extending the approach to other environments.
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